Under the sponsorship of the US Nuclear Regulatory Commission, a research program was carried out on the dynamic behavior of anchors (fasteners) to concrete. This paper deals with the static behavior of single and multiple undercut and sleeve anchors, placed in uncracked concrete and loaded by combinations of tension and shear. The results are used to draw conclusions regarding force and displacement interaction diagrams for single anchors, and regarding the applicability of elastic and plastic theory to the design of multiple-anchor connections to concrete.
Introduction
Under the sponsorship of the US Nuclear Regulatory Commission, a research program has recently been completed, whose objective was to obtain technical information to determine how the seismic behavior and strength of anchors (cast-in-place, expansion, and undercut) and their supporting concrete differ from the static behavior. The research program comprised four tasks: This paper deals with part of Task 2, concerning the static behavior of single and multiple undercut and sleeve anchors, placed in uncracked concrete and loaded by combinations of tension and shear. The results are used to draw conclusions regarding force and displacement interaction diagrams for single anchors, and regarding the applicability of elastic and plastic theory to the design of multiple-anchor connections to concrete.
Background
The behavior of anchors (fasteners) to concrete is discussed at length in Reference 1. The work of Fuchs [2] provides some useful information regarding shear behavior. As discussed in Reference 3, mean concrete breakout capacity in tension or shear is well predicted by the CC Method. Tensile capacity as governed by steel failure is given by the product of the ultimate tensile strength and the cross-sectional area of the anchor shank. For a uniform cross-section, the ratio of shear to tensile capacity is about 0.6 [4] . If the anchor sleeve goes through the baseplate, steel capacity in shear is increased, by an amount that depends on the degree of interaction between the anchor shank and sleeve, and the material of each component. Figure 1 shows different models for the interaction of tension and shear capacities. 
Figure 1 Tension -shear force interaction for anchors
For failure by steel fracture, an elliptical interaction is used:
The exponent p varies between 5/3 [5] and 2.0 [6] . For failure by concrete breakout, Johnson and Lew [7] propose a linear interaction as a lower bound (Figure 1 ). Bode and Roik [8] propose a tri-linear interaction (Equations 2a through 2c):
The elliptical interaction of Equation 2 has been proposed for concrete failure as well, using an exponent p equal to 4/3 [9] , 5/3 [4] , or 2.0 [6] .
Displacement interaction has not been widely investigated [10] , and is in theory not required for the elastic design procedure, in which no redistribution of anchor forces is assumed. If redistribution of anchor forces is assumed, as in the plastic design approach, then knowledge of displacement interaction is necessary.
Anchors, Test Setups and Procedures
Based on surveys of existing anchors in nuclear applications, tests described here involved one undercut anchor ("UC1") and a heavy-duty, sleeve-type, single-cone expansion anchor ("Sleeve Anchor"). Based on current use in nuclear applications, it was decided to test anchors ranging in diameter from 3/8 to 1 in. 
Figure 2 Key dimensions of Sleeve Anchor
The Undercut Anchor 1 (UC1) opens conventionally, and is shown in Figure 3 . Embedment depths in Task 2 were varied according to whether steel failure or concrete breakout failure was desired. The embedments used are described when each set of test results is discussed.
The target concrete compressive strength for this testing program was 4700 lb/in. 2 (32.4 MPa), with a permissible tolerance of ±500 lb/in. 2 (±3.45 MPa) at the time of testing. For these tests, a porous limestone aggregate was used.
The typical test specimen was a concrete block 39.5 in. (1 m) wide, 24 in. (0.6 m) deep, and 87.5 in. (2.2 m) long. Seven #6 (32 mm) longitudinal reinforcing bars were placed in the middle of each block to provide safety when the block was moved. This reinforcement was placed at the mid-height of the block to permit testing anchors on both the top and bottom surfaces, while precluding interference with anchor behavior. Four lifting loops were located at the mid-height of the blocks, permitting transport by overhead crane.
For loading anchors under combinations of tension and shear, the test setup consisted of a structural steel framework holding a center-hole actuator at a variable angle (Figure 4) . Load was applied through a special loading shoe, shown in Figure 5 .
For eccentric shear tests on two-anchor attachments, the loading fixture consisted of a special baseplate with two high-strength steel inserts, two tension rods, and two compression bars ( Figure 6 ). The inside thickness of these inserts was counter-bored to 3/4 in. (19 mm), the same as the diameter of the anchor bolts. The diameter of the baseplate holes was 13/16 in. (20.6 mm). The overall test setup is shown in Figure 7 . 
Figure 7
Setup for eccentric shear tests on two-anchor attachments
The axial force and bending moment in the baseplate were calculated from strain measurements from two sets of three strain gauges each, evenly spaced on the top and bottom of the center section of the baseplate. Based on the geometry of the loading apparatus, the force in the tension rods is 1.2 times the external shear load, and the tension force on the back anchor can be calculated by equilibrium of moments about the center of the baseplate. The shear force on the back anchor equals the measured tension force in the baseplate. External load on the connection was measured with a load cell, using a spherical bearing to eliminate error due to angular deviation. The tension forces on each anchor were measured with force washers placed between the normal washers and the baseplate.
Baseplate slip was measured with a potentiometer placed against the back of the baseplate. The horizontal displacement of the loaded point 12 in. (305 mm) from the surface was also measured. The vertical displacement of the baseplate, δ v , was measured at the centerline of the baseplate. Rotation of the attachment was calculated from the difference between the transverse displacements measured at the level of the baseplate and at 12 in. (305 mm) above the concrete surface. Figure 8 shows the mean force interaction diagrams for Sleeve and Expansion anchors in Series 2.3 [11] . In that series, anchor failure was intended to be governed by yield and fracture of anchor steel, so deep embedments were used. 
Test Results

Results for Single Anchors Loaded at Different Orientations (Series 2.3 and 2.4)
Figure 8 Interaction curves for actions (Test Series 2.3, [11])
Mean displacement interaction curves for all sub-series in Series 2.3 and 2.4 are compared in Figure 9 . That figure shows large displacements in Series 23M53 under tension, approaching the values achieved in higher strength concrete with increased load angle or increased shear. It also shows good agreement between the values for UC1 and the Sleeve Anchor. Differences are evident, however, due to installation method (through-sleeve versus flush-sleeve). Under pure tension, displacements are identical. Under oblique loading, anchors installed with flush sleeves generated smaller shell-shaped concrete spalling in the loading direction in front of anchors, than did otherwise identical anchors with through sleeves. For this reason, they failed under shear and oblique tension by shear fracture of the anchor shank at a comparatively small shearing deformation. With lower concrete strength, larger displacements were achieved at maximum load under tension. These approach the displacements in higher-strength concrete with increasing shear.
Tests with 3/8 in. anchors showed smaller displacements, and no concrete spalling in front of the anchors under shear and oblique tension. 
Discussion of Results for Eccentric Shear Loading on Two-Anchor Attachments
Despite the differences in gaps between anchors and baseplates among specimens, failure loads showed only slight scatter. In contrast, considerable scatter was observed in displacements, without any obvious correlation with the measured gaps. The gaps, however, did significantly affect the failure mode. In tests with an eccentricity of 18 in. (457 mm), failure always occurred by fracture at the outermost tension anchor. In tests with an eccentricity of 12 in. (305 mm) the shear anchors also fractured. The tension anchor fractured only with maximum gaps of the shear anchors.
Normal force and bending moment in the baseplate were calculated from the results of the strain measurement. Strains are approximately constant over the width of the baseplate, due to its configuration. The bending moments and axial forces in the baseplate can be calculated from those strains. Axial force in the baseplate (equal to the shear in the tension anchor) increases with the applied load. After the gap at the shear anchor is overcome, this increase slows, and the axial force even decreases near ultimate. When the shear anchor fractures, the axial normal force increases abruptly, because the applied shear must then be resisted entirely by the tension anchor.
The hogging bending moment in the baseplate (tensile stresses on top) decreases with increasing external load, changing finally to a reversed moment caused by a combination of the diagonal compression (at the height of the axis of the shear anchor) and the support reaction from the concrete (at the compression edge of the baseplate). The fracture of the shear anchors causes an additional negative moment from the additional normal force of the tension anchor, applied eccentrically to the bottom edge of the baseplate.
Observed versus Predicted Capacities for Two-Anchor Attachments with Eccentric Shear Loading
The loading eccentricity used for these attachments was such that the tension anchors were required to resist combined shear and tension. Under these conditions, their load capacity could be limited either by load, or by deformation. Ratios of observed capacities to those predicted by elastic theory ranged from 0.954 to 1.154. Ratios of observed capacities to those predicted by plastic theory [4] ranged from 0.892 to 1.05.
Conclusions
Tests on Single Anchors Loaded at Different Orientations 1) Force interaction is well described by an elliptical interaction relationship (Equation 1), with an exponent of 1.67 to 1.80 for steel failure and 1.6 for concrete breakout.
2) The displacement interaction diagram for steel fracture is bulb-shaped; that is, the shearing displacement at failure under oblique tension is larger than under pure shear. This is due to larger spalling under oblique tension in the direction of the shear, in front of the anchor.
3) Failure by steel fracture and ductile behavior of the steel of anchor shank do not by themselves guarantee ductile connection behavior. Brittle fracture of the anchor shank can still occur. Low steel strength, small anchor diameters, flush-sleeve installation, and high-strength concrete lead to small deformation capacity, particularly if shear dominates. 4) Ductile fractures will be achieved, in principle, if the maximum possible steel strength of the anchor is reached. Therefore, connections with large edge distance, high-strength yet ductile steels, and through-sleeve installation (sleeve extending to the top surface of baseplate) are recommended.
Eccentric Shear Tests on Two-Anchor Connections 1) For large eccentricity in shear (capacity governed by fracture of the tension anchor), plastic theory accurately predicts connection behavior and capacity.
2) At lower eccentricities of applied shear, the bulb-shaped interaction curve for displacements causes a failure transition from the tension anchor to the shear anchor. At this point both shear anchors and tension anchors are fully utilized, and the assumptions of plastic theory agree with the actual behavior of the connection.
3) At still lower eccentricities of applied shear, the transverse displacement of the tension anchor cannot exceed the transverse displacement of the shear anchor. For that reason, the tension anchors of a multiple-anchor connection cannot reach the fracture states in the "belly" of the displacement interaction curve. Contrary to the assumptions of plastic theory, this causes the strength of the tension anchor to be under-utilized at small loading eccentricities. Depending on how pronounced the "belly" of the interaction curve is, the calculated capacity of the group can be considerably overestimated by plastic theory, or even by elastic theory. Lotze [11] proposes that this problem be corrected by assuming an even distribution of shear to all anchors.
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